We present a microscopic model for collective effects in high multiplicity proton-proton collisions, where multiple partonic subcollisions give rise to a dense system of strings. From lattice calculations we know that QCD strings are transversely extended, and we argue that this should result in a transverse pressure and expansion, similar to the flow in a deconfined plasma. The model is implemented in the PYTHIA8 Monte Carlo event generator, and we find that it can qualitatively reproduce the long range azimuthal correlations forming a near-side ridge in high multiplicity proton-proton events at LHC energies.
Introduction -The general features of proton-proton collisions, such as jets, multiplicity distributions, and (approximate) particle ratios, can be described by dynamical models based on string [1] or cluster [2] hadronisation, e.g. PYTHIA8 [3, 4] and HERWIG7 [5] , in a very satisfactory way. In contrast, heavy ion collisions show collective features interpreted as flow in a deconfined, thermalized plasma [6, 7] . Nucleus collisions also show higher rates for strangeness [8] . These features have been interpreted as indicating fundamentally different dynamics in the two systems.
There are, however, also many similarities between collisions in small and in large systems. Many features in nucleus collisions, such as multiplicity distributions and particle distributions in rapidity and p ⊥ , could fairly well be described by early models based on non-interacting strings (e.g. DPM [9] and Fritiof [10] ). On the other hand recent precise measurements at the LHC show flow-like effects also in pp and pA collisions [11] [12] [13] . They also show increasing strangeness and baryon rates in pp events with high multiplicity [14] .
This has raised the question if a QGP is formed also in small collision systems. Conversely, one could instead ask if collective effects in nucleus collisions could possibly originate from non-thermal interactions between string-like colour fields. This would entail a picture where collective phenomena does not arise from the formation of a deconfined QGP state, but rather as an emergent behaviour of dense configurations of confined QCD flux tubes. A third possibility is if the two pictures coexist, with a dense thermalised central "core" and an outer "corona". Such a picture is implemented in the quite successful EPOS model [15, 16] .
It was early suggested that the many strings in an AA collision may interact coherently as "ropes" [17] . Rope formation or "percolation" have subsequently been studied by several authors, see e.g. refs. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . Generally these analyses have predicted higher rates for strangeness and baryons, and larger transverse momenta, due to the stronger field in the rope.
The high energy density in overlapping strings also ought to give a transverse pressure, resulting in a transverse expansion seen as a transverse flow. This should give not only enhanced transverse momenta, in particular for high mass particles, but would also give rise to angular correlations. Such correlations were early considered by Abramovsky et al. [29] , and a Monte Carlo "toy model" studying this effect in PbPb collisions was presented in [30] .
A high string density can also be reached in pp and pA collisions at high enough energies, allowing for rope formation also in these smaller systems. In ref. [31] we presented a proof of principle for a flow-like transverse expansion, due to overlapping strings in high energy pp collisions. In this letter we want use the concept of overlapping strings to study this effect more thoroughly, and compare the results with experimental data. To that effect we have implemented the resulting model in the PYTHIA8 event generator, and find good agreement between the model and the pp "ridge" first observed by the CMS collaboration [32] .
The Lund string -The confining force field between coloured partons is in the Lund string model [1] described by a "massless relativistic string", which represents an idealised picture of a flux tube with no transverse extension. Like a linear electric field, the string is invariant under longitudinal boosts, and has no momentum in the direction of the string (apart from the force on the endpoints). Gluons are treated as point-like transverse excitations on the string [33] , and for a set of colour connected partons, moving apart from a common origin, the string is stretched from a quark via the colour-ordered gluons to an antiquark.
The most simple situation is a quark and an antiquark produced in an e + e − annihilation, and moving apart. A string is stretched from the common production point, and breaks into pieces, hadrons, by repeated production ofpairs, as sketched in fig. 1 . The boost invariant string is reflected in a boost invariant distribution of the hadrons. The spacetime separations between the production points are space-like, and in each frame the hadrons with the smallest energies in this specific frame, are produced first in time.
The probability for a specific final state is given by [34] dP ∝ exp(−bA) × dΩ.
Here bA is (the imaginary part of) the action for the relativistic string, with A equal to the space-time area (in units of the string tension κ) covered by the string before its breakup into hadrons (see fig. 1 ). For a single hadron species with mass m, the n particle phase
parameter N here specifies the relation between the phase space for n + 1 and n particles.
For a straight string the area A is easily expressed in terms of the hadron momenta, and the result can be generated by successively peeling off the hadrons from the quark or antiquark ends. Here each hadron is given a fraction z of the remaining light-cone momentum, determined by the distribution (in case of a single hadron species with mass m)
The three parameters N, a, and b are related by normalisation, leaving two parameters to be determined by experiments.
The breakup points for the string are located around a hyperbola in spacetime, with a typical proper time given by
where κ is the tension of the string. With values a = 0.68, b = 0.98 GeV −2 (the default values in PYTHIA8), and κ = 0.9 − 1 GeV/fm, we obtain the typical breaking time around 2 fm. Thus the string breaks typically when the original quark and antiquark are about 4 fm apart. The string then breaks in two pieces, which move apart keeping their size, with the new antiquark trailing after the initial quark increasing its energy due to the pull from the string, as illustrated in fig. 1 . Eventually the string breaks again, and in the successive breaks the string pieces become smaller and smaller.
Interactions between strings -We note that just after the production of the initialpair, the colour field is necessarily compressed, not only longitudinally but also transversely.
Also in a high energy pp collision the strings are stretched between charges emerging from a very limited region within two Lorentz contracted pancakes. As illustrated in fig. 2 , the flux tube expands both longitudinally and transversely with the speed of light. Two neighbouring flux tubes will then start to overlap and interact close to z = 0 (where z is the longitudinal coordinate) in the specific frame used in the analysis, as this is where the flux tube expands most rapidly. As seen in fig. 1 this is also the region where those particles are produced, which are slow in this particular frame.
The repulsion gives the flux tubes a transverse velocity, a process which we will refer to as shoving. In a pp collision the density of strings is not too high, and the time until breakup (τ ∼ 2 fm) is large compared to both the width of the flux tubes and the radius of the proton (both < 1 fm). We therefore expect that the force field has (almost) reached its equilibrium transverse width, before it breaks up into hadrons. These equilibrium flux tubes may be a single triplet string, or a rope stretched between higher colour multiplets, as discussed in ref. [28] .
The different time scales imply that the process has three separate phases: i) An initial phase where the individual flux tubes expand but still do not interact. ii) A second phase where the flux tubes interact, repel each other, and reach equilibrium triplet strings or ropes specified by definite SU(3) multiplets. iii) A final phase in which the flux tubes break into hadrons. Naturally the boundaries between the phases are not sharp, but we will in this paper assume that they can be treated separately. lie in between type I and II superconductors, with field strength close to a Gaussian [35] .
If the energy in the flux tube would be dominated by a longitudinal colour-electric field, the interaction between them would be given by their overlap. For Gaussian distributions this would give a force per unit string length
Here d ⊥ is the transverse separation between the flux tubes, R is the (time dependent) width of the energy distribution in a single flux tube, and κ the tension in a single string. In eq. (4) we have included a tunable parameter g, and the situation with a dominating colour-electric field would correspond to g = 1. We note, however, that in the bag model (similar to a type I superconductor) half of the string energy corresponds to destroying the condensate inside the flux tube, and in a type II superconductor the larger part of the energy lies in the current keeping the flux together. Due to these uncertainties we expect that g might deviate from 1, possibly within an order of magnitude. We motivated the Gaussian form in eq. (4) by lattice results, but the end result is more sensitive to the value of g, than the shape of the field.
For a boost invariant system it is convenient to introduce hyperbolic coordinates
(Note thatτ is boost invariant, but not equal to the eigentime, given by τ = t 2 − z 2 − x 2 ⊥ .) Near z = 0 we get δz = t δη, and the force in eq. (4) gives dp ⊥ /dt δz = f (
d ⊥ ). (For nonrelativistic velocities this gives the acceleration dv
invariance then gives the two equations dp
When the flux tubes have separated, the boost invariant total p ⊥ per unit η is given by integration of eqs. (6).
Hadronisation -The dynamics of the relativistic string is well described in ref. [36] .
The motion of a string stretched such that d p ⊥ /d η is constant and along the x direction, is described by a smoothly bent curve in space-time (for t ≥ 0)
The transverse momentum is here specified by the parameter α = (dp ⊥ /dη)/κ. We note that the transverse coordinate x is independent of η, and the result is explicitly boost invariant.
The expression in eq. (7) does not explicitly depend on the total energy W, which only shows up in the kinematical boundaries 0 < |σ| < W/2 and t < W/2, after which time the string ends are pulled back again.
We note that the string state discussed here is very different from a straight string boosted transversely with some velocity v ⊥ . The directions of the initial quark and antiquark would then be rotated an angle θ = arcsine v ⊥ , and the produced hadrons would be limited to the rapidity range between plus and minus log(cot(θ/2)). The distribution would thus not be boost invariant, but depend on the Lorentz frame used for the transverse boost.
When calculating the breakup into hadrons, of a string described in eq. (7), we realise that when the string is not straight, the relation between the space-time area A in eq. (1) and the final hadron momenta in the splitting function in eq. (2) will be modified. We plan to discuss how to solve this problem in a coming paper (inspired by earlier work in ref.
[37]), and we will in the implementation used in this letter apply an approximate method, described in the next paragraph.
Monte Carlo Implementation -We have used the PYTHIA8 event generator [4] to study the effect of string repulsion, and we simulate the shoving mechanism by adding soft gluons to the strings. As the string interaction depends on their positions in impact parameter space, and since the models for multi-parton interaction (MPI) and parton showers in PYTHIA8 make no attempt to calculate parton positions in transverse space, we have devised and implemented a simple model for this. Here we assume a 2D Gaussian mass distribution of the protons, and pick the transverse coordinates for each MPI according to the convolution of the mass distributions at the impact parameter of the collision [38] .
In a real pp collision many strings are stretched between partons forming minijets, or occasional hard jets. The string pieces between these partons, which we call (colour) dipoles,
will not be fully aligned with the beam axis. In our current implementation the system is separated in segments along the beam axis, which are presently 0.1 rapidity units wide. One string may here overlap with several other strings, and within each segment the shoving is implemented as the sum of many small kicks between all pairs of overlapping string pieces. This is done in several time steps. After each time step, the string configurations are updated, and the process continues until hadronisation time is reached (τ ∼2 fm after the initial collision). We allow the partons to move a finite time (∼1 fm) before they begin to interact with each other. This also accounts for the fact that it takes some time for the strings to extend transversely, before they feel the transverse repulsion.
For technical reasons PYTHIA8 cannot handle very soft gluons properly. Thus, if the state contains a group of colour-connected gluons with invariant mass below a cut (∼0.2 GeV), they will in the program be replaced by a single, harder, gluon. The result of this substitution is that the extra transverse momentum per unit rapidity, due to the shoving, is correctly reproduced. However, the hadron multiplicity will be artificially somewhat increased, which implies that the effect on p ⊥ per particle will be underestimated. Such an increase in multiplicity would also give an artificial widening of a jet and to avoid this we also abstain from adding excitations to string segments which already before the shoving has a high
In fig. 3 we show the extra transverse momentum per unit rapidity due to shoving for particles within the region |y| < 2.5 (matching the experimental acceptance in ref. [32] ).
The result is presented in four final-state particle multiplicity bins, and for three values of the parameter g determining the strength of the repulsion between strings in eq. (4).
As discussed there, we expect that a reasonable value for g would be 1 within an order of magnitude. In fig. 3 we show results for g = 4, and g = 10. For illustration we also show results for g = 40, which we regard as unreasonably large. We note that as expected the extra dp ⊥ /dy increases both with the strength parameter g and with multiplicity. We also note that even for the lowest value, g = 4, the added p ⊥ per unit rapidity can reach quite large values.
Flow-like effects -We mentioned above that the problem with hadronising soft gluons implies that the multiplicity is somewhat overestimated in events with low multiplicity.
We do, however, not expect a noticeable effect from this problem for two-particle correlations. This expectation has been checked by comparing two-particle correlations for default PYTHIA8 and for shoving with g = 0.01. We here note that although the multiplicity increases when adding even very small excitations, these excitations do not affect the twoparticle correlations. Thus there is no appearance of a ridge for this small g-value. In fig. 3 we also see that the extra p ⊥ grows as expected, with increasing event multiplicity.
To calculate the "ridge effect" we employ an analysis similar to the one chosen by experiments [32] , where a signal distribution S(∆φ, ∆η) is divided by a random background The extra transverse momentum per unit rapidity, dp ⊥ /dy (measured in the interval |y| < 2.5), for four different final state particle multiplicities, and three different values for the shoving parameter g.
distribution, B(∆φ, ∆η), constructed by combining particles from two different events in the same centrality class. In fig. 4 we show results for correlations in the range 2 < |∆η| < 4.8
for two values of the shoving parameter g, and compare with default PYTHIA8, where no ridge is expected. Data from CMS [32] is added to the figure, but the comparison was carried out by ourselves, and is not guaranteed to include all experimental corrections. It would be beneficial for further model development to have the analysis available in Rivet [39] . We note that the ridge appearing at high event multiplicity is qualitatively reproduced with a value for the interaction strength g = 4.
Conclusion -We have shown, that long-range two-particle correlations in pp collisions can be accounted for in a model, where the strings interact as overlapping flux tubes. The assumed interaction potential is inspired by lattice calculations. The model is implemented in PYTHIA8 and contains a single free parameter, which determines the strength of the interaction. We show that for a physically reasonable value of this parameter, the model qualitatively reproduces the "ridge" structure in high multiplicity pp collisions, as observed by several experiments.
We wish to emphasise that the model does not rely on the assumption of a deconfined plasma, normally employed by thermodynamical models of collective effects. On the contrary the collective behaviour is a consequence of the confining fields, resulting in an interaction between the strings that is without diffusion or loss of energy. Thus, although the string system is not deconfined nor thermalised, the transverse expansion has important similarities with the expansion of a boost-invariant perfect (non-viscous) liquid.
In a coming publication we want to improve the approximations in the implementation of the "shoving model" presented here, and combine it with the rope hadronisation model in ref. [28] . Our plan is then to include these effects in our model for collisions with nuclei [40] , to see if they can adequately describe data showing collective effects in these larger systems.
Would such a comparison turn out successful, this would challenge the current paradigm in heavy ion physics. It would then be necessary to find observables sensitive to dynamical differences between the traditional approach assuming a thermalised plasma, and the non- 
